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SUMMARY

204714

For initial stagnation pressures from 1 to 1,000 atm and stagnation
enthalpies from 400 to 20,000 Btu/lb, nozzle-flow properties for equilibrium
carbon dioxide have been computed and plotted on charts. Properties charted
as a function of Mach number are as follows: temperature, pressure, density,
speed, area ratio, dynamic pressure, stagnation-point pressure coefficient,
Reynolds number, isentropic exponent, and molecular weight ratio. Tempera-
tures, pressures, and densities across normal shock waves are also charted,
and weight-flow rate is plotted as a function of stagnation enthalpy.

INTRODUCTION /E

Recently there has been much interest in the problems associated with
flight to and within the atmospheres of Mars and Venus and return to Earth.
Since the atmospheres of these planets are believed to be mostly carbon
dioxide and nitrogen (e.g., ref. 1), experiments in hypervelocity tunnels with
these gases and with air may yield important comparative information.

Although some recent estimates indicate that the carbon dioxide content in
the Venusian atmosphere may be only 20 mole percent (ref. 2) or even as low
as 6 percent or less (ref. 3), other estimates have indicated an atmosphere
of almost all carbon dioxide (e.g., refs. 4 and 5). There is also consider-
able uncertainty concerning the Martian atmosphere. Hence, until the chemical
compositions of the atmospheres of these planets are better established, pre-
liminary tests with both carbon dioxide and nitrogen alone and in several
combinations are being considered. In order to define the conditions for
tests in hypervelocity nozzles with these gases, various flow properties must
be determined. In the present investigation equilibrium flow properties for
carbon dioxide in hypervelocity nozzles have been computed.

It is the purpose of this report to presentLQharts of the computed
nozzle-flow properties of carbon dioxide similar to those presented for air
in reference 6. The charts for carbon dioxide are for a range of stagnation
pressures from 1 to 1,000 atm and stagnation enthalpies from 400 to 20,000
Btu/lb. Properties charted as a function of Mach number are as follows:
temperature, pressure, density, speed, area ratio, dynamic pressure,
stagnation-point pressure coefficient, Reynolds number, isentropic exponent,
and molecular weight ratio. Temperatures, pressures, and densities across
normal shock waves are also included. Weight-flow rate is plotted as a
function of stagnation enthalpy. Because in an actual nozzle the flow will
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probably not be close to equilibrium for high stagnation enthalpies and low
stagnation pressures, care should be exercised in the application of these
charts.

NOTATION AND CONSTANTS

A nozzle cross-sectional area, ft2
a isentropic speed of sound, ft/sec
CPstag Eﬁgq:_gi
1
h enthalpy (h = O for molecular gas at 0° R), Btu/lb
ﬁ%g enthalpy, dimensionless
L characteristic length, ft
M Mach number
m molecular weight of mixture, 1b/mole
mg molecular weight of undissociated gas, 44.011 1b/mole for COs
P pressure, atm unless specified
q dynamic pressure <% pu2> 5 lb/ft2
R universal gas constant: 1.987 cal/mole °K; 8.31LL J/mole °K;
1.987 Btu/mole °R; 1545 Eg%é%gﬁ ; or 0.7302 E%;é%g%—
Re Reynolds number, EEE
RT, 22.20 Btu/lb for COp
S entropy, Btu/(initial mole) (°R)
% entropy, dimensionless
T temperature, °R or %K as specified
To reference temperature, 492° R = 273° K
u speed, ft/sec
W weight-flow rate, 1b/sec
Z molecular weight ratio, mo/m




VA isentropic exponent, é—lﬁ_%>

d In p s

M coefficient of viscosity, lb-sec/ft2
o density, slugs/ft>
o reference density, 0.00384 slug/ft3 for COs
()* sonic point

Subscripts
c condensation
o) reference condition
t reservoir or total condition
1 conditions in front of normal shock wave
2 conditions behind normal shock wave

Conversion From Units In This Report To SI Units?
To convert from To obtain

Physical quantity report units Multiply by SI units
Area ft2 9.290x1072 m2
Density slugs/ft> 5.154x10% kg/m3
Dynamic pressure 1b/ft2 47.88 N/m®
Enthalpy Btu/1b 2.324x108 J/kg
Length ft 0.3048 m
Speed ft/sec 0.3048 m/s
Temperature °R 5/9 °K
Viscosity coefficient 1b-sec/ft= 47.88 N-s/mR
Weight-flow rate 1b/sec 0.4536 kg/s

THERMODYNAMIC PROPERTIES AND VAPOR PRESSURES

The thermodynamic properties of carbon dioxide which were used for the
present study were computed by H. E. Bailey of Ames Research Center. His
results (ref. 7) are recorded on magnetic tape for use in nozzle and body
flow-field calculations with an IBM T7O94/7040 direct couple system. The data
cover a temperature range of 100° to 25,0000 K, a density range of 10-7 to
108 times earth sea-level density, and a pressure range of about 10-7 to
10° atm. There is very close agreement between the Bailey data and those of
references 8and 9. The reader should be cautioned, however, that because of

1
The "SI system" (International System of Units, NASA TT F-200).



a difference in choice of enthalpy reference datum, the value of h/RTO= 173.1
should be added tc the enthalpy results in reference 9 to make them compatible
with those of reference 8 and Bailey (ref. 7).

Because it is important to avoid condensation conditions when testing
models in a nozzle flow, a graph of vapor pressure as a function of tempera-
ture is very useful. For ready reference vapor pressures as a function of
temperature for carbon dioxide are compared with those for air, oxygen, and
nitrogen in figure 1. The vapor-pressure data for carbon dioxide, oxygen,
and nitrogen were obtained from references 8, 10, and 11. The vapor pressures
for air were estimated by assuming a perfect ligquid or solid sclution of
oxygen and nitrogen in equilibrium with a 20-percent oxygen, 80-percent
nitrogen vapor.

CALCULATION OF NOZZLE-FLOW AND SHOCK PROPERTIES

The nozzle-flow properties as a function of Mach number were desired for
use in wind-tunnel testing. For convenience in the computational procedure,
however, the flow properties were computed as a function of the ratio of
static to stagnation pressure, with the corresponding Mach number being
computed. Stagnation conditions py and h{ at the reservoir were specified
for each case considered. To compute the area ratio, Mach number, and
Reynolds number, the density was determined from the thermal equation of state

p = pmo/ZRT (1)

For p in slugs/ft®, p in atm, and T in °R,

o = 1.873 p/zT (2)

where

p = p(p/Pt)

An isentropic expansion of the gas from the reservoir to downstream stations
in the nozzle was assumed, and the molecular weight ratio 2, the temperature
T, and the enthalpy h = (h/RTO)RTO were determined from the thermodynamic
properties. The speed was then computed from the energy relation

u = 223.6Jht - h (3)
The area ratio was calculated from the continuity equation
A/A* = o*u¥/ou ()
where the weight-flow rate at the throat (w/A* = p*u¥*) was determined as the
maximum value of pu from a plot of pu vs p/pt for given stagnation con-

diticns pt and hyg. (An alternate method which gives nearly identical values
of weight-flow rate through the throat is given in ref. 12.) The Mach number

L




was computed from
M = g = (5)

For T in °R, the speed of sound a in ft/sec was given by

a = @B;)S = 33.61 [7ZT (6)

where the isentropic exponent 7 was determined from

_ (9 In
= (3 p) (1)

The Reynolds number parameter was calculated from

Re _ w (8)
Ip,  mpy

The effects of dissociation and ionization on u were disregarded, and values
of u were computed by (see ref. 13)

NG
p = 2.28x10-8 Tl/2 <1 + gg_e (9)

for T in °R.

An iterative procedure was used to obtain equilibrium temperature ratios,
pressure ratios, and density ratios across a normal shock wave. With the
Mach number M; in front of the shock specified, the density ratio, pg/pl,
was assumed, and the pressure behind the shock was calculated from the
expression

P2 = p1 + (plul)(u1)<é - %§> (10)

which resulted from combining the momentum and continuity equations. For the
pressure in atmospheres

= 1 Py
P2 = P1 + FINEg (pauz) (u1)<l - (11)

The local enthalpy behind the shock, hp, was determined by the energy equation

ha = hy + @- u12> - @ u22> (12)



For hs in Btu/lb

2
_ 1 Py .
ho = hy + —=__ ui2/1 - { =L 1
2 1 50,060 1 [ <p2 } ( j)

With ps and hp known, Tp and Zo were obtained from the thermodynamic
properties. The density behind the normal shock, pz, was then computed from
equation (1), and pz/p; was compared to the assumed value. This process was
repeated until the assumed and computed values of pg/pl were in agreement.
The stagnation pressure and temperature behind the normal shock were then
determined from the thermodynamic properties with an isentropic compression
assumed from po to ptz, corresponding to an enthalpy change from hy to

ht, = ht ..

For use in computing forces and moments for entry-type capsules by
modified Newtonian theory, the stagnation-point pressure coefficient CPstag
was determined by combining eguation (10) and the Bernoulli equation for
incompressible flow to give

=Pta = Py _ P (1)

C = e -
Pstag g1 P2

RESULTS

The procedure outlined in the previous section was used to compute nozzle
properties for equilibrium flow for various initial stagnation pressures and
enthalpies. The initial stagnation pressures for the calculations were 1, 10,
100, and 1,000 atm, and the initial stagnation enthalpies ranged from L00 to
20,000 Btu/lb. All calculations were made on an IBM 7O94/7OLO system with the
thermodynamic properties recorded in tabular form on magnetic tape. The
nozzle-flow properties determined were temperature, pressure, density, speed,
area ratio, Mach number, dynamic pressure, stagnation-point pressure coeffi-
cient, Reynolds number, isentropic exponent, molecular weight ratio, and
weight-flow rate. Temperatures, pressures, and densities across normal shock
waves were also determined.

Except for weight-flow rate which was plotted as a function of stagnation
enthalpy, all properties were plotted as a function of Mach number and are
presented on charts which are indexed on page 13. In the calculation of the
characteristics with the machine program input values of p¢ and (S/R)y were
used. As a result the determined values of hy varied as much as %50 Btu/1b
from those desired. The specified values of ht on each chart have been
rounded off to the nearest 100 Btu/lb. For convenience in studies of flows
around bodies, the local isentropic exponent 7 was plotted as a function of
enthalpy (chart 14) as well as Mach number (chart 13). The saturated vapor
line for COs in figure 1 (p. 9) was used to obtain the plot of stagnation
enthalpy at condensation ht, vs M (chart 17). The curves on the other charts
of this report have not been terminated according to the condensation levels
indicated in chart 17, because these saturated levels obviously represent the
upper enthalpy limits for condensation. Testing at lower total enthalpies may

6




be permissible for certain applications. The reader should observe that
symbols are used on most of the charts only to identify curves, not to indicate
the many points computed for each curve.

Note that the plot of w/ptA* vs ht in chart 16 is extremely useful for
determining the stagnation enthalpy ht for a nozzle flow, since measurements

of W, P> and A¥ can be readily obtained. In reference 12 similar plots are
given for various gases.
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INDEX TO CHARTS FOR COo-FILOW PROPERTIES

Ordinate Abscissa |Chart |Page
T 1 15
Temperature
Tt, 2 | 19
/o, M 3 ] 23
Pressure p2/pl M L 27
ptg/ptl M 29
o/ogpy, 6 | 3k
Density
p2/p1 7 Lo
Speed u M 8 46
. *
Area ratio A/A M 9 50
Dynamic
a/py M 10 | 5k
pressure
Stagnation-
pressure Cy M 11 58
coefficient stag
Reynolds no. Re/ptL M 12 62
% M 13 66
Isentropic
e nent
wpone 04 h 14 67
Molecular 7, M 15 68
weight ratio
Weight *
w/p A h 16 70
flow /pt t
Stagnation
enthalpy for htc M 17 1
condensation
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Chart .- Variation of speed with Mach number.
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Chart 8.- Continued.
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(a) p, = 1000 atm

Chart 1j.- Variation of isentropic exponent with Mach number.
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